We addressed the question of whether low-level motion analysers can integrate signals binocularly. We compared the temporal sensitivity in motion discrimination tasks using monocular and dichoptic first-order motion and monocular and dichoptic second-order motion. Three human observers were required to discriminate the direction of motion of either sinusoidal gratings (1 c/deg), used as a stimulus for first-order motion analysers, or the envelopes of contrast-modulated stationary sinusoidal gratings (carrier frequency 5 c/deg, carrier contrast 0.1, modulation frequency 1 c/deg), used as a stimulus for second-order motion analysers. Contrast sensitivity was measured as a function of temporal frequency. The moving grating or envelope was generated by summing two non-moving sinusoidally flickering gratings or envelopes in spatiotemporal quadrature. These were either combined monocularly or presented dichoptically. Sensitivity to the moving envelope was highest at a temporal frequency between 0.5 and 2 Hz, depending on the observer, and declined rapidly at high temporal frequencies. None of the observers was able to discriminate the direction of motion of envelopes moving faster than 4 Hz. Dichoptic and monocular presentation produced very similar results. Sensitivity to a monocularly presented moving grating was fairly uniform between 1 and 8 Hz, and declined slightly at 16 Hz. In one of three observers sensitivity to the dichoptically presented grating was very close to that of the monocularly presented grating at all temporal frequencies tested (from 1 to 16 Hz) All observers could discriminate the direction of motion of the dichoptically presented grating at 8 Hz, but two of the three were unable to discriminate its direction of motion at 16 Hz. These results indicate that second-order motion analysers have very poor temporal resolution and that dichoptic motion analysers have very good resolution. We suggest that this implies that there are low-level motion analysers that are capable of integrating information binocularly.
Introduction

Motion sensors and feature trackers
Braddick [1] showed that human observers viewing a briefly presented moving random dot pattern can identify the orientations of areas of random dots that move in the same direction. Since then there has been general acceptance that Braddick's [1] experiment identified the most basic type of visual motion analyser, the shortrange or low-level motion analysing mechanism.
The short-range motion mechanism is usually characterised as an array of sensors that combine spatial and temporal filtering with further processing that extracts a motion signal. The simplest option for further processing is a multiplication [2, 3] that combines the outputs of two simple spatial filters or receptive fields, one of which is delayed or temporally phase-shifted, to make a spatiotemporal correlator [4] . Instead of multiplication, addition of filter outputs can be used to make a linear sensor selective for motion of luminance patterns in a particular direction [5] . Sensor outputs can be squared and summed to make a motion energy filter [6] .
Van Santen and Sperling [3] argue that relatively unimportant changes in the treatment of signals from several different classes of motion sensor can render them identical to motion energy filters [6] . Direction-selective motion energy filters can also provide a good description of the responses of direction-selective neurones in the cat's visual cortex [7] .
The motion-energy sensors in the low-level motion system can be viewed as filters selective for the Fourier components generated by moving luminance patterns. They would not signal the motion of patterns defined by local variations in other attributes, such as contrast. However early visual analyses that extract features defined by variation in any local property of the image could provide input to a higher level motion detector that simply tracked the change in position of the features over time [8] which would be able to detect the motion of any pattern-including a simple luminance pattern-whose early analysis yielded features that changed position with time. The range of patterns whose motion can be detected by such a system is limited only by the range of feature analysers that could precede it. Previous studies suggest that correspondence-based motion detection operates at a very high level and the range of possible features is very broad indeed [8] . In this paper we are primarily concerned with comparing the properties of mechanisms that detect the motion of coarse-scale spatial variations in the contrast of static sinusoidal luminance gratings (contrast-envelopes) with those of low-level mechanisms that detect the motion of luminance patterns.
The motion of both contrast-envelopes and sine wave gratings could in principle be analysed either by feature-trackers or by appropriately designed energy detectors. However, two lines of evidence suggest that at low contrasts contrast envelopes like those that we use in this study are detected by tracking features. First, the threshold for discriminating motion direction is increased if a static replica of the pattern, known as a pedestal, is added to it [9] which indicates that motion is detected by tracking features [10] . Second, thresholds for detecting the motion of contrast-modulated gratings is limited by how far they move rather than by how fast, which would also be characteristic of a feature tracker [11] . We will concentrate on temporal resolution since a number of studies suggest that mechanisms sensitive to the motion of contrast patterns work more slowly and have worse temporal resolution than those that analyse the motion of luminance patterns. Derrington and Badcock [12] found that performance of a task in which human observers were required to discriminate the direction of motion of a contrast pattern (a beat between two sinusoidal gratings) declined more rapidly at high temporal frequencies than when the moving stimulus was a simple luminance pattern. Derrington et al. [13] and Cropper and Derrington [14] found that for human subjects to be able to discriminate the direction of motion of beats the moving stimulus had to last for more than about 120 ms whereas subjects were able to discriminate the direction of motion of a luminance pattern at stimulus durations about ten times shorter. Even chromatic gratings only need to be present 17 ms for their direction of motion to be discriminated perfectly [15] . This difference in temporal resolution is also consistent with the idea that the analysis of the motion of contrast-modulations is carried out by a high-level mechanism that tracks the motion of features that are extracted by lower level mechanisms. Lu and Sperling [10] found that motion analyses that appear to depend on feature tracking have lower temporal resolution than those that are believed to depend on energy-like mechanisms.
Dichoptic motion
In principle, the two separate receptive field sub-units that must be combined to generate the simplest possible motion sensor could each be driven by signals originating in a different eye. If this were the case, it would place low-level motion sensors at, or higher than, the level in the visual pathway which signals from the two eyes are combined. Braddick's original experiments showed that the motion of random dot kinematograms could not be discriminated when they were presented dichoptically [1] but subsequent experiments have shown that dichoptic presentation of a number of different monocular flickering displays can yield an unambiguous perception of motion when corresponding retinal locations are presented with flickering patterns that are in spatial and temporal quadrature [10, [16] [17] [18] [19] [20] [21] .
Carney and Shadlen [16] [17] [18] 21] argue that these results indicate that the early motion system can be activated dichoptically. However, Georgeson and Shackleton argue that the results are more consistent with the idea that dichoptic motion mechanisms track changes in the location of features that have been identified monocularly [19, 20] . Lu and Sperling [10] also argue that dichoptic motion analysis occurs by tracking features, partly because adding a pedestal to the moving pattern disrupts the motion percept, and partly because the lowest contrast at which dichoptic motion is reliably seen by their observers rises rapidly with temporal frequency, as if the mechanism analysing the motion had the very poor temporal resolution that Lu and Sperling [10] find to be characteristic of a feature tracker. However, both of these results are contentious. Carney [22] has recently shown that dichoptic motion can be seen in the presence of pedestals and at high temporal frequency. In this paper we measure temporal sensitivity in more detail.
This study
In this study we measure the temporal frequency characteristics of dichoptic motion using two different types of stimulus, one of which could be analysed by a hypothetical dichoptic motion-energy detector and the other of which could not. The first stimulus is a moving sinusoidal grating of low spatial frequency. The second stimulus is a static sinusoidal grating of higher spatial frequency whose contrast is modulated by a low spatial frequency moving sinusoidal envelope. The main manipulation is to vary the temporal frequency of the moving pattern and to measure the contrast required to make it possible for observers to discriminate the direction-of-motion of a moving grating or the depth of modulation that makes it possible for them to discriminate the direction-of-motion of a moving contrast envelope.
Methods
Stimuli
Patterns were generated using an RGB frame store which was part of a purpose built display controller, the Cambridge research systems VSG 2/1. Gamma corrected sinusoidal or contrast modulated lookup tables were used to control the temporal properties of the stimuli, whilst preventing the introduction of spatial distortion products due to any monitor non-linearities. 512×512 pixels were displayed on a Barco CDCT 6955 colour monitor, with the red, green and blue inputs driven in parallel so that the chromaticity of the display remained constant. The driving signal was produced by summing the 3 DAC outputs from the frame store through a resistor network [23] providing 12 bits of luminance accuracy per pixel.
On each field of the display (field rate 120 Hz) a grating pattern was displayed within a circular patch 5°i n diameter at the 134 cm viewing distance. Fields were interleaved so that two separate 5°circular patches were displayed on alternate fields. The two patches were centred 3°to the left or right of the centre of the screen centred on the fixation points of the left and right eyes (see below). The gratings were presented either both on the same side, so that they were summed within a single eye, or they were presented one on each side, so that they were combined binocularly. The mean luminance of the display was 26 c/deg.m − 2 and the room was dimly illuminated.
The two stimuli used were both horizontally oriented one dimensional gratings flickering in counterphase with 90°spatial and temporal phase differences between them. The gratings were described by the equation below:
where L mean is the mean luminance of the screen (26 c/deg.m
), is the spatial phase of the grating. This was randomised for one of the gratings but the other grating was always set so that there was a 90°difference between the two, C is the Michelson contrast of the grating (varied to assess the contrast sensitivity), f is the spatial frequency of the grating (1 c/deg), is the temporal frequency of the grating (1, 2, 4, 8 or 16 Hz), g is the temporal phase of the grating. For one grating it was set to be random and for the other it was set to give a 90°phase difference between the two.
The two gratings thus formed a spatiotemporal quadrature pair. Neither of them contained a motion signal but their sum did, as illustrated in Fig. 1 . When the gratings were presented in the same screen location, their sum was formed within one eye by temporal integration of the photoreceptors. When the two gratings were presented dichoptically, we were able to test the properties of cyclopean motion mechanisms.
The counter-phasing contrast modulated grating was formed according to the following equation:
L= L mean (1+C c (1+C e sin (2yf e x+ e )sin (2yt + g))
where L mean is the mean luminance of the screen (26 c/ deg.m − 2 ), e is the spatial phase of the contrast envelope. For the pattern presented in one field this was chosen at random and for the pattern in the other field it was advanced by 90°, c is the spatial phase of the carrier. It had the same random value as e but was the same for both fields, f e is the spatial frequency of the contrast envelope (1 c/deg), f c is the spatial frequency of the carrier grating (5 c/deg), C c is the Michelson contrast of the carrier grating (10%), C e is the modulation depth of the contrast envelope (varied to assess the modulation sensitivity), is the temporal frequency of the grating (0.25, 0.5, 1.0, 2.0 and 4.0 Hz), g is the temporal phase of the contrast envelope. For one field it was set to be random and for the other it was set to give a 90°phase difference between the two.
The two contrast envelopes thus formed a spatiotemporal quadrature pair. Neither of them contained a motion signal but their sum did, as illustrated in Fig. 1 . When the patterns were presented in the same screen location, their sum was formed within one eye by temporal integration of the photoreceptors. When the two patterns were presented dichoptically, their sum would be formed by mechanisms that add contrast signals from the two eyes, thus allowing us to test the properties of cyclopean motion mechanisms. Note that it is the contrast envelope and not the carrier grating that undergoes counter-phase flicker and hence motion. This is the property of the stimulus that makes it specific for high-level motion detectors. The reader may confirm that in the space-time plot of Fig. 1(f) the individual bars of the carrier are vertical whereas the contrast envelope slants.
The duration of each interval was 1 s, with a rectangular temporal envelope controlling the contrast over time. 
Subjects
The three observers used prisms to superimpose the binocular images of the monocularly presented patches. One, a male myope, used his up to date spectacle prescription combined with a 10 D base out prism to bring one patch onto the fovea of each eye. The other two observers, female emmetropes, used 10 D base in prisms to bring one patch onto the fovea of each eye. Fixation markers above and below the centre of each patch were displayed throughout the experiment. These acted as a peripheral fusional lock and allowed stable simultaneous binocular single vision to be maintained. Observers were allowed to view the stimuli without head restraint and with natural pupils and accommodation.
Procedures
Each grating was displayed monocularly to the left eye or right eye, or dichoptically, at random. When the presentation was monocular the two grating patches were made to overlap on the screen, thus allowing a single eye to gain all the motion information for any one stimulus. The observer was presented with a two-alternative forced-choice direction discrimination task in conjunction with the method of constant stimuli. The grating would move randomly up or down in the first interval and in the opposite direction in the second interval. The observer indicated, with the use of computer mouse buttons, in which interval the grating had moved upwards. Each trial was initiated with a button press followed by a tone to indicate the stimulus was being presented.
If the observer's attention was distracted during a trial they could request a new trial by pressing both buttons simultaneously. In this case no response was recorded and the stimulus would be presented again later in the sequence. A sequence consisted of six trials, with a constant temporal frequency and two levels of contrast. At each contrast level there was a right, left and dichoptic presentation. A total of 40 sequences were carried out in each run and performance at up to six contrasts (or modulation depths) separated by equal logarithmic steps was measured for each temporal frequency. This allowed a psychometric function relating performance to contrast (or modulation depth) to be created for each temporal frequency. The point at which this function crossed 75% correct, estimated by linear interpolation on semi-logarithmic axes like those in Fig. 2 , was taken as the contrast (or modulation) threshold; its reciprocal is the contrast (or modulation) sensitivity. All stimulus presentation and data recording were under computer control.
Results
Response 6ersus contrast
Subjects' ability to discriminate between upward and downward motion improved with increasing grating contrast and with increasing AM envelope modulation depth, whether presentation was monocular or dichoptic. Fig. 2 shows a typical set of psychometric functions for one observer and for both types of stimulus. Panel A shows performance discriminating the direction of motion of monocularly and dichoptically presented sinusoidal gratings moving at 16 Hz plotted as a function of grating contrast. Panel B shows performance discriminating the motion of the modulation envelope of a contrast-modulated grating of contrast 0.1. The envelope was moving at 4 Hz and performance is plotted as a function of modulation depth (the difference between the maximum contrast and the minimum contrast divided by their sum).
Performance improves with contrast in very similar ways for all three modes of presentation and for both types of stimulus. Slightly higher contrasts and modulation depths are needed to discriminate the direction of motion of the dichoptic stimuli than for the corresponding monocular stimuli. This small difference probably reflects the fact that during the presentation of the dichoptic motion stimulus each eye sees a static flickering pattern. It is the binocular integration of these patterns (either by summation or by alternating between the eyes for sequential localisation of corresponding features) that generates the motion which makes it possible to discriminate a direction of motion.
The most important difference between the two panels is in the horizontal position of the functions. For all the sinusoidal grating stimuli performance is better than 75% correct by the time contrast reaches 0.01. However, performance for the contrast-modulated grating stimuli does not reach threshold until the modulation depth is almost at its maximum level. Even allowing for the fact that the mean contrast of the AM grating limits the maximum contrast range to be less than 0.2 this observer is much less sensitive to the motion of the contrast modulated grating in monocular and dichoptic presentation. Two factors contribute to this difference. First, absolute sensitivity to moving contrast-modulated patterns is lower, and second, temporal resolution is worse.
In order to track both of these differences in different observers we have characterised psychometric functions like those in Fig. 2 by the threshold, which we define as the contrast or modulation depth at which performance reaches 75% correct. We plot sensitivity, the reciprocal of threshold, as a function of temporal frequency, for the stimuli and presentation conditions for the different observers.
Temporal modulation sensiti6ity function, AM gratings
The poor temporal resolution of mechanisms that analyse the motion of contrast envelopes of AM gratings is clearly demonstrated in Fig. 3 which shows modulation sensitivity in a task in which observers discriminated the direction of motion of AM grating envelopes moving with different temporal frequencies. Modulation sensitivities, obtained from psychometric functions like those in Fig. 2 , are plotted as functions of temporal frequency for three observers.
In each of the three observers the two monocular functions are almost identical, and the dichoptic function is similar in shape, but very slightly lower. Com- paring between observers the functions are also very similar in shape and in their position on the temporal frequency axis but differ in their absolute sensitivity, observer SAL being substantially less sensitive than the other two. In all observers the maximum sensitivity occurs at very low temporal frequency (2 Hz or less). The highest temporal frequency at which any observer could perform the task was 4 Hz at which point sensitivity was up to 0.5 log units below its maximum.
The lack of any difference in resolution between monocular and dichoptic modes of presentation is consistent with the hypothesis that observers discriminate the direction of motion of the envelope of a contrast modulated grating by locating its features and tracking them. Georgeson and Schackelton [19, 20] argue that feature tracking should be unaffected by dichoptic presentation with the features alternating between the two eyes. The low temporal resolution of feature tracking has been observed in other motion discrimination tasks in which the ability of the subject to perform the task is disrupted when a pedestal is added to the stimulus, which is assumed to be diagnostic of feature-tracking [10] .
If we make the assumption that the poor temporal resolution shown in Fig. 3 is a characteristic of the feature-tracking process, we can test whether dichoptic presentation of simpler stimuli is detected by feature tracking or by some process with higher temporal resolution. Fig. 4 shows temporal contrast sensitivity functions obtained in experiments in which the same three observers discriminated the direction of motion of moving sinusoidal gratings of 1 c/deg. In all three observers temporal resolution is much better for dichoptically presented sine waves than for contrast-modulation envelopes which suggests that feature-tracking is not the only way to extract motion dichoptically. Fig. 4 leaves no doubt that the temporal resolution of the mechanism that signals the direction of motion of dichoptically presented luminance patterns is much better than that of the mechanism that discriminates the direction of motion of contrast patterns. However, it is also clear from the figure that dichoptic presentation does make it more difficult for some observers to discriminate the motion of luminance patterns at high temporal frequencies. Although observer MJC was just as sensitive to dichoptically presented moving sine waves as to monocular presentation even at the highest temporal frequency (16 Hz), neither of the other observers was able to discriminate the direction of motion of dichoptically presented gratings at 16 Hz, and one of them was considerably less sensitive to dichoptic presentation than to monocular presentation even at 8 Hz.
Temporal modulation sensiti6ity function, sine wa6es
Discussion
The results make two points clear. First, the temporal resolution of the visual mechanisms that distinguish the motion of contrast envelopes is much worse than the temporal resolution of mechanisms that distinguish the motion of luminance patterns. Second, the temporal resolution of dichoptic motion analysers puts them in the same class as monocular motion analysers, which implies that at least some low-level motion analysers are binocular. Both of these points are controversial.
Temporal resolution of second-order motion analysers
The finding, shown in our Fig. 3 , that temporal resolution is very poor when observers are required to discriminate the direction of motion of a contrast envelope raises two questions. The first is whether this poor temporal resolution indicates a general limitation of second-order motion analysers, the second is whether it indicates a limit for all motion analyses that are based on feature tracking. The available evidence suggests that the answer to both these questions is yes.
As discussed in the introduction, most previous measurements of motion discrimination performance using contrast-modulated patterns show a dramatic decline in sensitivity at medium to high temporal frequencies. In the rest of this section we develop the argument that good resolution only occurs when the contrast-modulated patterns stimulate the motion analysers that normally detect the motion of luminance patterns. If they were based on linear filters these mechanisms would not respond to the motion of contrast patterns. However there are two possible reasons that they might respond. The first is that the contrast-pattern might contain luminance artefacts [24, 25] the second is that it might cause luminance-like artefacts to be generated within the visual pathway [26] [27] [28] [29] .
Observers have very high temporal resolution in a task in which they are required to discriminate the direction of motion of a second-order pattern that consists of sinusoidally contrast-modulated gaussian noise in which the noise pattern is static and its contrast envelope moves [10] . Although such a pattern is a second-order pattern, the noise carrier contains very low spatial frequencies, which means that local patches of the pattern can be expected to contain first-order motion signals. Smith and Ledgeway [25] have argued that using a dynamic noise carrier reduces these first-order artefacts and have shown that when a dynamic noise carrier is used the temporal resolution of motion judgements is dramatically reduced [25] . It thus, seems likely that the high temporal resolution reported by Lu and Sperling [10] is a characteristic of first-order rather than second-order motion-detection mechanisms.
Observers also show high temporal resolution for second-order motion discriminations when the stimulus is a contrast-modulated high spatial frequency sinusoidal grating with high mean contrast [30] . In this case elaborate precautions were taken to ensure that the stimulus contained no first-order artefacts, but non-linear processing within the visual pathway could easily have generated an internal first-order signal from the contrast-modulated grating. Derrington [27] found that cells in the lateral geniculate nucleus of the cat responded to a contrast-modulated grating as if it had contained a first-order component with the same spatial frequency as the modulation envelope. Scott-Samuel and Georgeson [29] found that observers were able to discriminate consistent motion when a contrast-modulated grating flickers in alternation with a sinusoidal grating of the same spatial frequency as the envelope. The direction of motion of the compound stimulus suggests that an internal luminance signal is generated from the contrast-modulated grating by a compressive non-linearity [29] .
The magnitude of the internal first-order signal generated from a 100% modulated contrast-modulated grating was proportional to the square of the carrier contrast [29] as would be predicted if it were generated from a quadratic non-linearity. In the experiments described in this paper the mean contrast of the contrastmodulated gratings was deliberately kept low to avoid generating a detectable internal first-order signal. Accordingly the fact that temporal resolution was very poor is not surprising.
Are low-le6el motion-analysers binocular?
If we accept the conclusion that second-order motion analysers always have poor temporal resolution then it seems reasonable to assert that high temporal resolution is a characteristic of low-level motion analysers. Thus, our experimental results, which show that dichoptic motion stimuli can be discriminated with high temporal resolution can be taken as a demonstration that low-level motion analysers are dichoptic in the sense that they can combine signals from the two eyes. These results confirm and extend those of Carney [22] who has shown that dichoptic motion discrimination can occur at temporal frequencies up to 32 Hz.
There are two ways that binocular combination of motion signals might take place. In the introduction we considered the possibility that a dichoptic motion filter might operate by combining the outputs of non-direction-selective separable monocular spatio-temporal filters with suitable spatial and temporal phase differences or offsets. However it is equally possible that binocular integration of spatial contrast signals might precede any motion analysis. In that case the motion filtering could be considered to operate on a cyclopean spatio-temporal contrast signal.
Two of our three observers performed worse with dichoptic than with monocular presentation, particularly at high temporal frequencies. There are two possible reasons for this: the existence of monocular motion mechanisms and the effect of imperfect alignment of the visual axes to the target patches.
First, when the dichoptic stimulus is presented the two eyes see flickering patterns. Thus, any mechanisms that do not sum binocularly will not signal motion, and so we can expect the motion percept to be rivalrous [21] . Monocular motion analysers would give a signal that conflicts with the binocular signal. This conflict might be expected to produce a decline in sensitivity when stimuli are presented dichoptically, and such a decline is apparent both with contrast-modulated and with luminance-modulated stimuli. However it is not clear why such conflict should be worse at high than at low temporal frequencies.
A second possible reason for the decline in performance under dichoptic viewing conditions, compared to monocular viewing, is the effect of misalignment of the visual axes away from the individual target patches for each eye. We would not expect a peripheral fusional lock to be perfect and any misalignment of the eyes will have the effect of changing the spatial phase difference between the two flickering gratings to other than 90°. Under cyclopean conditions, this reduces the contrast of their sum, the moving grating, and superimposes a counter-phase flickering grating onto the moving grating. Both of these changes would be expected to reduce the motion signal available dichoptically and hence reduce the direction discrimination performance. At high temporal frequencies we can expect the peripheral fusion stimulus to be less effective because of the distracting effect of the non-fused flickering gratings, so we would expect a decline in sensitivity to dichoptic motion. Under monocular viewing conditions the relative misalignment of an eye away from the target patch would be unimportant, as each of the flickering gratings would be misaligned by the same amount and their spatial phase difference would remain at 90°.
Conclusions
The high temporal resolution of dichoptic motion discrimination of luminance patterns suggests that there are binocular low-level motion mechanisms. The fact that in two of three observers performance is better with monocular presentation than with dichoptic presentation suggests that there are also monocular motion mechanisms.
